The pertinence of exploiting carbon fibre tow as an electrochemical sensing matrix for assessing pyocyanin production is evaluated. Pyocyanin is released by Ps. aeruginosa as a quorum signalling molecule during wound colonisation, increasing virulence and damaging host physiology, both contributing to an increased risk of infection. Prototype sensor assemblies have been developed and response characteristics towards pyocyanin are detailed. Sensitive and precise electrochemical measurements of pyocyanin by square wave voltammetry are established that enable the periodic monitoring of wound exudates for the presence of pyocyanin and serve as an early/pre-infection marker. As such, the pyocyanin sensor is presented as a possible sensor for intelligent wound management though incorporation into a 'smart-bandage' assembly or for use as a Point of Care Test for detection of Ps aeruginosa in cystic fibrosis patients' sputa.
Introduction
The risk of hospital acquired (nosocomial) infections is relentless within modern healthcare. Whilst there are a multitude of factors that can give rise to infectionin most cases however -the causative organisms are adventitious bacteria such as Pseudomonas aeruginosa, Staphylococcus aureus or Clostridium difficile [Mousa 1997 , Chai et al 2000 and Vidhani et al 2001 . These have a direct impact on patient morbidity and mortality [Tredget et al 2004] and the associated complications that arise are estimated to increase the length of hospitalisation by between 6 and 13 days [Plowman 2000 and Fisher 1994] . Additionally, this incurs a substantial cost to healthcare, with a cost to the UK NHS alone in the billion pound region [Plowman 2003 ]. Whilst patient care guidelines from bodies such as the World Health Organisation (WHO) and the Health Protection Agency (HPA) are important, technology also has a part to play and recent advances in nano-particle science have seen the development of antibacterial dressings, frequently silver based [Atiyeh et al 2007] . Nevertheless, the innate adaptability of bacteria to rapidly mutate and generate resistant strains signifies the need for failsafe systems to identify the advent of a potential infection.
The opportunistic pathogen Ps. aeruginosa is the cause of a variety of infections, with compromised patients being particularly susceptible targets. Amongst the most widespread of which are pulmonary infection in cystic fibrosis patients and wound infections. Infection of burns wounds are a particular problem, due to their physiology, increasing both morbidity and mortality [Tredget et al 2004] . This coupled with the high incidence of antibiotic-resistant Ps. aeruginosa strains [Pirnay et al 2003 , Cardo et al 2004 prompts the necessity to develop new antibiotic strategies. The ability to detect a Ps. aeruginosa infection early could not only improve patient morbidity and mortality, but reduce the time spent in hospital, reduce patients' pharmaceutical requirements and help curtail the financial burden of wound infections.
Ps. aeruginosa uses many complex quorum sensing (communication) systems: regulatory mechanisms enabling bacteria to make collective decisions with respect to the expression of a specific gene set [Rasmussen and Givskov 2006] controlling virulence. Quorum sensing systems function through the release of sensing molecules, including: elastase, alkaline phosphatase, exotoxin A, secretion proteins, catalase, rhamnolipid, lectins, acylated homoserine lactones, superoxide dismutase and pyocyanin. [Smith and Iglewski 2003] . The quorum sensing components have been found to directly effect the virulence [Smith and Iglewski 2003] and the host's response to the infection. Pyocyanin (1-hydroxy-A/-methylphenazine) is a blue redox-active phenazine dye synthesized de-novo by 96-98% of Pseudomonas aeruginosa strains [Reyes et al 1982] as part of the quorum sensing systems. Due to the low molecular weight of pyocyanin [Watson et al 1986] , it is readily diffusible and can permeate cell membranes. Upon entry into cells pyocyanin is reduced by NAD(P)H and may subsequently reduce molecular oxygen to superoxide, which in turn dismutates to hydrogen peroxide, thereby inducing oxidative stress in endothelial and epithelial cells. [Muller 2006 , Muller 2002 , O'Malley et al 2004 The direct physiological effects on both epithelial and endothelial mammalian cells are of importance not only for its virulence determination within the Ps aeruginosa quorum sensing systems, but also for the direct affects (oxidative or not) on human physiology which may allow more serious infections to initiate.
The physiological effects facilitating the progression of infection include: disruption of ciliary beating [Kanthankumar et al 1993] , arresting cell growth and inducing apoptosis [Muller 2006 ], antioxidant depletion and oxidative stress [Muller 2002 , O'Malley et al 2004 , Lau et al 2004 , acceleration of neutrophils apoptosis and reduced inflammatory response [Usher et al 2002] and bacterial resistance to innate immune system [Schaber et al 2004] . Pyocyanin acts antimicrobially towards other bacteria by oxidative means, (e.g. against E. coli), whereas Ps. aeruginosa itself appears immune to the oxidative effects of the pyocyanin by having limited redox-cycling [Hassett et al 1992] .
Whilst it is impossible to establish a reference range for pyocyanin production through Ps. aeruginosa infection, the concentration range of 0-100|j,M has been investigated as this covers the concentrations liable to be encountered [Muller 2006 , Muller 2002 , O'Malley et al 2004 and the diagnostically relevant range that has been observed in biofluids [Wilson et al 1988] . The core rationale is outlined in Figure 1 whereby the carbon fibre tow is thermally sandwiched between polyester laminate, as detailed in previous publications [Sharp and Davis 2008x2] . The underlying carbon is selectively exposed to function as the sensing element by laser etching through the encapsulating sheet. Instrumentation: Electrochemical measurements were conducted using nAutolab type III computer controlled potentiostat (Eco-Chemie, Utrecht, The Netherlands) using a three electrode configuration consisting of a Glassy Carbon Electrode (3mm diameter; BAS Technicol. UK) or Carbon Fibre tow laminate working electrode, a 3M KCI Ag|AgCI half cell reference electrode (BAS Technicol. UK) and platinum wire counter electrode. Photometric measurements were performed using a JENWAY 6715 UV/Vis. spectrophotometer at 690nm.
Results and Discussion
To allow the development of pyocyanin detection strategies the availability of pyocyanin is essential. The limited commercial availability of pyocyanin and high associated cost has lead to the purification or synthesis of pyocyanin by other means. Whilst pyocyanin has been extracted from bacterial cultures [Watson 1986 , Cox 1986 , Hassett et al 1992 , Frank and DeMoss 1959 (Knight et al 1979) and has been favoured since [Usher et al 2002] . The main disadvantage of both methods, but more so of the revised method, is the prolonged illumination period. Not only does this prevent rapid and upon-demand synthesis of pyocyanin, but the synthesised pyocyanin in solution may degrade to 1-hydroxyphenazine [Mcllwain 1937 ] affectively decreasing the efficiency. Increasing the photochemical reaction efficacy by using a photochemical reactor, as described within, allows a dramatic reduction in the duration of the photo-oxidation step allowing synthesis and purification within a single working day.
The preliminary assessment of carbon fibre substrates enabled comparison with the commonly used glassy carbon electrode voltammetry (Figure 3) . Additionally, Figure 3 , facilitated the comparison of plain (un-modified) and anodised (modified) carbon fibre tow, anodised [Tao et al 2007] . As observed when using the glassy carbon electrode, the response is clearly non-linear as a result of the modifications and is saturated at much lower concentration than those required to be quantified in a biomedical scenario, as outlined in the introduction and is therefore unsuitable. 
Conclusions
The assessment of carbon fibre tow for the suitability of pyocyanin detection has allowed the interference free, sensitive and precise detection of pyocyanin at biologically relevant concentration. The sensor detailed within is thus deemed as potentially suitable for encompassment into a 'smart-bandage' to allow the early detection of Ps. aeruginosa colonisation of wounds. The sensor is also suggested as a potential Point of Care Test for the early detection and monitoring of pulmonary infections in cystic fibrosis patients.
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